kDa enamelin has a close association with amelogenin at pH 6.5 in PBS buffer. Our present study provides novel insights into the possible cooperation between enamelin and amelogenin in macromolecular coassembly and in controlling enamel mineral formation
. The functional roles of amelogenin in mineral formation are critical in controlling the morphology, organization, and directionality of apatite crystals, as demonstrated by recent in vitro and in vivo studies [Gibson et al., 2001; Kwak et al., 2009; Yang et al., 2010] . Enamelin is a minor constituent ( ! 5%) of the extracellular matrix but plays a critical role in normal enamel formation [Hu et al., 2008] . Mutations in the ENAM gene result in the formation of abnormal enamel, especially the hypoplastic enamel seen in autosomal-dominant amelogenesis imperfecta [Kida et al., 2002; Ozdemir et al., 2005] . Interestingly some mutations in the ENAM gene causing amelogenesis imperfecta have been reported to be within the 32-kDa enamelin fragment [Gutierrez et al., 2007] . The 32-kDa enamelin fragment is the most stable cleavage product of 186-kDa porcine enamelin and it is a hydrophilic and acidic glycoprotein [Hu and Yamakoshi, 2003 ].
Our previous in vitro studies revealed that the 32-kDa enamelin in cooperation with amelogenin promotes the kinetics of the nucleation of apatite crystals in a dosedependent manner [Bouropoulos and Moradian-Oldak, 2004] . We further showed that enamelin undergoes a conformational change with a structural preference for the ␤ -sheet with addition of its potential target, i.e. calcium ions [Fan et al., 2008] . Direct interaction between the full-length amelogenin and enamelin has been demonstrated by in vitro biophysical studies which showed a potential regulating role of the 32-kDa enamelin in the stabilization of amelogenin oligomers, resulting in partial dissociation of the nanospheres formed at pH 8.0 [Fan et al., 2009 ]. In our most recent studies using a cationselective membrane system, we demonstrated the cooperative regulatory action of the 32-kDa enamelin and a recombinant pig amelogenin 148 (rP148) on the growth morphology of octacalcium phosphate (OCP) crystals [Iijima et al., 2010] . Remarkably, the presence of enamelin in the amelogenin 'gel-like matrix' not only increased the length-to-width ratio (aspect ratio) of OCP but also enhanced the stability of the transient amorphous calcium phosphate (ACP) phase.
In the study presented here, in order to understand the mechanism of this cooperative effect, we investigated the coassembly between amelogenin and the 32-kDa enamelin. We used dynamic light scattering (DLS), circular dichroism (CD), and fluorescence spectroscopy to evaluate the effect of enamelin on amelogenin self-assembly under pH conditions where OCP crystal growth occurs (i.e. pH 6.5) [Iijima et al., 2010] .
Materials and Methods

Preparation of the 32-kDa Enamelin and Amelogenin (rP148)
The 32-kDa enamelin was extracted, purified, and characterized following the method reported previously [Fan et al., 2008] . The recombinant porcine amelogenin (rP148) which is amino acids 2-149 of the full-length recombinant porcine amelogenin rP172 and an analog to the major amelogenin proteolytic product ('20k') was expressed in Escherichia coli , purified using RP-HPLC, and characterized as previously described [Sun et al., 2006] .
Dynamic Light Scattering
The association between the 32-kDa enamelin and amelogenin (rP148, 0.2-0.3 mg/ml) in 20 m M phosphate-buffered saline (PBS) (pH 6.5, 0.15 M NaCl) was investigated at room temperature via DLS using a DynaPro NanoStar (Wyatt Technologies, Santa Barbara, Calif., USA). The mixtures were incubated for 20-30 min before measurements and data were analyzed as previously described [Moradian-Oldak et al., 2000; Fan et al., 2008 , Laksminarayanan et al., 2010 .
CD Spectroscopy
Measurements were conducted on a JASCO J-810 spectropolarimeter calibrated using a 0.06% (+)-10-camphorsulfonic acid solution. Both the 32-kDa enamelin and the rP148 amelogenin were dissolved in 20 m M PBS buffer (pH 6.5, 0.15 M NaCl). The CD spectra were measured at room temperature in a 1-mm path length quartz cell (300 l) using a scanning speed of 50 nm/min, a time response of 1 s, a bandwidth of 1 nm, and an average of 4 scans. The CD spectra were taken after a 20-min incubation at room temperature. CD spectra were expressed as the mean residue ellipticity, [ ] mrw (in degrees cm 2 dmol -1 ), and the [ ] mrw was calculated as previously described [Lakshminarayanan et al., 2010] .
Fluorescence Spectroscopy
Fluorescence spectra were recorded on a QuantaMaster 4 spectrofluorometer (Photon Technology International, Inc., Pemberton, N.J., USA). The acquisition interval and the integration time were maintained at 0.5 nm and 0.5 s, respectively. Fluorescence spectra were obtained by measuring the emission spectra in the range of 310-390 nm at an excitation wavelength 295 nm spaced at 0.5-nm intervals in the excitation domain. Fully corrected spectra were then concatenated into an excitation-emission matrix. Fluorescence intensities were plotted as a function of the excitation wavelength.
Simulated Models for Drawing OCP Crystals
Using the average values of width and thickness of OCP from table 1 [Iijima et al., 2010] , we employed 3-D graphic application software Blender (v2.6 .2) to model the OCP crystals. In brief, we drew boxes with the correct dimensions for each crystal, placed the 'camera' and 'lighting' in appropriate places, and rendered the image. We then compiled the 5 rendered images using Adobe Photoshop CS4.
Results
Amelogenin-enamelin interaction and their coassembly were studied in PBS solution with pH 6.5 using CD, DLS, and fluorescence spectroscopy. The CD spectrum of rP148 amelogenin showed a strong negative ellipticity with a minimum [ ] mrw of -32.5 ! 10 3 degrees cm 2 dmol -1 at 201 nm, a characteristic of an unordered polyproline type II structure of amelogenin (Lakshminarayanan et al., 2007) . Upon the addition of enamelin to rP148 at molar ratios of 1: 100, 1: 50, and 1: 10, respectively, the intensity of the minima gradually increased in a dose-dependent manner. We subtracted enamelin CD spectra with concentrations equivalent to those in the above mentioned ratios from that of the mixed solution and found that the minimum [ ] mrw increased to -41.3 ! 10 3 degrees cm 2 dmol -1 in the 1: 10 (enamelin:rP148) solution ( fig. 1 a) . At the same time, the trough slightly shifted from 201 to 203 nm with the increased ratio of enamelin, indicating a possible change in the conformation of amelogenin. These changes in the CD spectra clearly illustrate that there is a direct interaction between rP148 amelogenin and enamelin. The emission maxima in the fluorescence spectra of the 32-kDa enamelin and the rP148 amelogenin are 349 and 335 nm, respectively. Upon the addition of enamelin to the rP148 solution at increasing ratios (1: 100, 1: 50, and 1: 10 of enamelin to rP148), the emission maximum of the solution blue shifted progressively from 335 to 333 nm ( fig. 1 b) . It was also noticeable that the intensity of the maxima decreased significantly corresponding to the amount of enamelin added. The shift of emission maxima and the decrease in intensity illustrate the close association between these 2 enamel proteins, leading to their coassembly. As a result, the tryptophans on the N-terminal of rP148 could be buried inside the oligomers and these consequently give rise to the decreasing intensity and the blue shift of maxima in the fluorescence properties of the rP148/enamelin solution.
The association between the 32-kDa enamelin and rP148 was further analyzed by DLS measurements which provided the estimated hydrodynamic radii (R H ), molecular weight (MW), and mass distribution of particles in the rP148-enamelin solutions at pH 6.5 ( table 1 ). The rP148 amelogenin particles had a predominant population with a monodisperse size distribution of a mean R H of 9.3 8 1 nm and 2 very minor populations with bigger particle sizes. When the 32-kDa enamelin was added to rP148 at a molar ratio of 1: 100, the predominant particle size in the rP148-enamelin solution increased slightly to 194  190  196  198  192  201  203  205  207  209  211  213  215  217  219  222  224  226  228  230  232  234  236  238  240  243  245  247 249 Fig. 1 . Biophysical studies on the interaction between rP148 and the 32-kDa enamelin in PBS (pH 6.5). a CD spectra of rP148 in association with the 32-kDa enamelin. b Fluorescence spectra of the rP148/enamelin solutions. Inset Spectrum for the 32-kDa enamelin.
10.2 8 1.2 nm while its population decreased. Meanwhile, the mass percentage of the minor populations increased and the particle sizes became larger. At a higher ratio of 1: 50, the average R H of the nanoparticles in the major population increased to 10.9 8 1.0 nm but had a reduced mass percentage, while both the R H and the mass percentage of the 2 minor populations increased. At the highest ratio of enamelin to rP148 (1: 10), the average R H of the nanoparticles in the major group increased further to 12.3 8 1.4 nm while the mass percentage decreased to 62%. The particle sizes and the mass in the minor populations were both increased. This increase in average particle size in the solution was presumably due to the formation of complexes between enamelin and rP148 molecules, indicating a close association between these 2 enamel proteins ( table 1 ) .
Discussion
The 32-kDa enamelin and rP148 amelogenin have been shown to have a synergic effect on the regulation of the morphology of OCP crystals grown at pH 6.5 in a cation-selective membrane system [Iijima et al., 2010] . Using the Blender v2.6.2 modeling program which clearly presented the shape and morphology of OCP crystals grown in different amount proteins, we modeled the overall effect of enamelin alone, amelogenin alone, and the combination of the 2 on the shape and habit of the OCP crystals ( fig. 2 ). In the sole presence of 10% rP148, crystals grew in the form of ribbon-like shapes, which is in line with the previous observations of crystal growth regulated by 10% m/v of native bovine amelogenin [Iijima et al., 2001] . On the other hand, in 40En solution (40 g/ml enamelin alone), the OCP crystals had a slightly bigger width and thickness but also had a substantial decrease in length. The shape and size of OCP crystals were changed remarkably by the coregulatory effect of rP148 and the 32-kDa enamelin. In the rP148 + 4En solution (10% rP148 + 4 g/ml enamelin), both the width and the thickness of crystals were reduced slightly when compared with those in pure rP148 solution. When more enamelin was added, i.e. in rP148 + 10En (10% rP148 + 10 g/ml enamelin), the width and thickness of crystals decreased dramatically and the shape of the OCP changed from a ribbon-like plate to a thin needle-like morphology ( fig. 2 ) . With the largest amount of enamelin used (10% rP148 + 40 g/ml enamelin), the width of crystals decreased further but the thickness increased when compared to crystals grown in rP148 + 10En, giving rise to a rod-shaped habit of OCP. It is important to note that the presence of enamelin was critical for the control of OCP crystal arrangement/orientation. This observation led us to investigate the cooperative assembly between these 2 enamel proteins under the conditions of OCP crystal growth (i.e. pH 6.5 and phosphate buffer) and to understand their synergistic action on OCP growth.
rP148 is an analog to the 20-kDa amelogenin fragment, i.e. the dominant cleavage product, and it possesses the unordered polyproline type II structure with a negative ellipticity around 201 nm in the CD spectra [Lakshminarayanan et al., 2007] . The minima increase in intensity following the addition of enamelin and the slight shift of the trough indicates an ellipticity change as the result of a direct interaction between these 2 enamel proteins. Additional support for this notion is provided by the observed increase in the particle sizes of rP148 (from 9.3 8 1.0 nm to 12.3 8 1.4 nm) upon addition of the 32-kDa enamelin in a 1: 10 ratio. This is an increase in MW from 619 kDa (rP148 alone) to 1,189 kDa (rP148 + enamelin). At pH 6.5, enamelin alone has an R H of 3.3 8 0.3 nm (data not shown). In the fluorescence spectra as a result of the addition of the 32-kDa enamelin to the rP148 solution, the emission maximum of rP148 shifted from 335 to 333 nm and the emission intensity also decreased substantially. It is important to note that the 32-kDa enamelin has a maximum emission at 349 nm ( fig. 1 b inset) , which corresponds to the 1 tryptophan in its N-terminal region [Fan et al., 2008] . Given the fact that the 2 tryptophans in rP148 are located in the N-terminal region, the emission change in amelogenin upon the addition of enamelin is likely due to the interaction between the N-acetylglucosamine in enamelin and the tyrosyl motif at the N-ter minal region of amelogenin [Ravindra-1 0 % r P 1 4 8 r P 1 4 8 + 4 E n r P 1 4 8 + 1 0 E n r P 1 4 8 + 4 0 E n 4 0 E n Fig. 2 . Computer simulation models for OCP crystals grown in the presence of different amounts of enamelin in 10% rP148. 4En = 4 g/ml enamelin; 10En = 10 g/ml enamelin; 40En = 40 g/ml enamelin. Width and thickness values are based on the average data in the report by Iijima et al., [2010] .
Color version available online nath et al., 1999] . Therefore, the complexations of the 2 proteins cause the 2 tryptophans in rP148 to be buried inside the oligomers, and the emission intensities of tryptophans are weakened in the fluorescence spectra. Although we could not unambiguously define the mechanism of the interaction between these 2 enamel proteins, our biophysical data clearly demonstrate a direct interaction and coassembly between rP148 and the 32-kDa enamelin at pH 6.5. Such coassembly may enhance the hydrophilicity of the amelogenin oligomers, resulting in their higher affinity to the OCP crystal faces. We propose that during the postsecretory stage of enamel formation amelogenin and enamelin cooperate synchronically to control crystal growth.
